Few experiments have directly compared the long-term effects of moldboard, chisel, and no-till tillage practices on N 2 O emissions from the predominant crop rotation systems in the midwestern United States. This study was conducted from 2004 to 2006 on a tillage and rotation experiment initiated in 1975 on a Chalmers silty clay loam (a Typic Endoaquoll) in west-central Indiana. Our objectives were to assess (i) long-term tillage (chisel [CP] , moldboard plow [MP] , and no-till [NT] ), rotation (continuous corn [Zea mays L.] and corn-soybean [Glycine max (L.) Merr.]), and rotation ´ tillage interaction effects on soil N 2 O emission, and (ii) how soil N 2 O emission is related to environmental factors during corn production under identical N fertilizer management. Seasonal N 2 O emissions were measured at intervals ranging from a few days to biweekly for up to 14 sampling dates in each growing season for corn. Nitrous oxide emissions during the growing season were significantly affected by tillage and rotation but not their interaction; however, 50% of total emissions occurred shortly after N application regardless of tillage or rotation practices. Seasonal cumulative emissions were significantly lower under NT but not statistically different for CP and MP. Overall, emissions under NT were about 40% lower relative to MP and 57% lower relative to CP. Rotation corn lowered N 2 O emissions by 20% relative to continuous corn. Higher N 2 O emission under MP and CP appeared to be driven by soil organic C decomposition associated with higher levels of soil-residue mixing and higher soil temperatures.
not been well quantified globally (Smith and Conen, 2004; Helgason et al., 2005; Li et al., 2005) .
Results from research efforts to determine soil management practice effects on soil N 2 O emissions from around the world have been largely inconsistent, perhaps due to variability in weather and multiple soil conditions including differences in soil water content, rate and types of fertilizer application, and depth of fertilizer placement (Baggs et al., 2003; Grant et al., 2004; Venterea et al., 2005; Drury et al., 2006) . Thus, while some researchers have reported greater N 2 O emissions with NT (MacKenzie et al., 1997; Ball et al., 1999) , others found lower emissions with NT relative to reduced or conventional tillage (Civerolo and Dickerson, 1998; Grant et al., 2004; Drury et al., 2006) . Still others observed no significant differences in N 2 O emission between tilled and untilled soils (Venterea et al., 2005; Lee et al., 2006) . Similarly, several studies conducted to determine the influence of other soil management systems on N 2 O emission in the midwestern United States also reported conflicting results (Goodroad et al., 1984; Jacinthe and Dick, 1997; Robertson et al., 2000; Jacinthe and Lal, 2003; Parkin and Kaspar, 2006; Grandy et al., 2006; Parkin, 2008) .
A critical, but less considered, factor that may determine the true effects on N 2 O emissions is the time interval during which tillage and rotation practices have been followed (Choudhary et al., 2001 ). Long-term tillage and rotation practices can result not only in changes to soil properties and C stocks, but also in changes in N dynamics (Rochette et al., 2008) . Emerging research has suggested that increased C sequestration in arable soils may actually increase N 2 O emissions due to the positive relationship between CO 2 and N 2 O emissions; the latter could ultimately offset reductions in climate radiative forcing that may be gained from long-term NT applications (Li et al., 2005; Xu et al., 2008) . These findings are supported by recent results from Rochette et al. (2008) in which annual N 2 O emissions more than doubled under NT relative to MP-managed soils due to nitrification sustained by the decomposition of soil organic matter rather than N fertilizer inputs.
In the midwestern United States, adoption of conservation tillage or NT systems has increased significantly during the past two decades; these systems are regarded as one of the most effective agricultural practices to sequester atmospheric C in the soil (Conservation Tillage Information Center, 2006; Al-Kaisi and Yin, 2005) . In Indiana, however, where a corn-soybean rotation predominates in arable soils, NT soybean is typically followed by intensive, full-width tillage systems (such as CP and MP) for corn. In the long term, the relative C sequestration advantage of NT has been observed to decline sharply with depth. For example, a significantly greater accumulation of C and N occurred in the 30-to 50-cm depth interval with the use of MP relative to NT . Therefore, it is unclear how these longterm changes to the soil profile distribution and redistribution of organic C resulting from tillage practices will affect N 2 O emissions in these soils.
Thus, although several experiments have been conducted to evaluate the effects of tillage and cropping systems on soil N 2 O emissions in the midwestern United States, to the best of our knowledge very few studies have been conducted to directly compare emissions from NT, CP, and MP in the dominant crop rotation systems in any one experiment (Grandy et al., 2006) . Similarly, the interactive effects of crop rotation and tillage systems on N 2 O emissions have not been determined to any reasonable extent for this crop production environment. Furthermore, relevant tillage studies are often based on sites with relatively short-term experimental plots (<10 yr, on average) despite some observations that significant changes in the N 2 O flux response to NT can occur within and following 20 yr of NT initiation (Six et al., 2004) . Therefore, our broad objective in this study was to provide critically needed research data for N 2 O emissions following 30 yr of consistent tillage and rotation practices to help improve long-term modeling and prediction accuracies of N 2 O emissions for typical corn production systems on Mollisols in the midwestern United States. Our specific objectives were to assess (i) the effects of long-term CP and MP on soil N 2 O emissions and their associated temporal variability relative to NT, (ii) the interactive effects of tillage and rotation on growing season N 2 O emissions, and (iii) how emissions are related to environmental variables during the growing season in continuous corn and corn-soybean rotations when the N fertilizer rate was uniform for all corn treatments.
MATERIALS AND METHODS

Site Description and Experimental Design
This research was conducted in long-term tillage and crop rotation experimental plots located at the Purdue University Agronomy Center for Research and Education near West Lafayette, Indiana (86°56′ W, 40° 4′ N, elevation 215 m). The soils are classified as Chalmers silty clay loam (a fine-silty, mixed, superactive, mesic Typic Endoaquoll) with inherently poor drainage. The experiments were established in 1975 to determine the long-term yield potential of different tillage and crop rotation systems and associated changes in soil characteristics. Drain tiles had been systematically installed in the experimental area at 20-m intervals before 1975.
This study included NT, CP, and MP treatments in continuous corn (CC) and corn following soybean (rotation corn, RC). The experimental layout was a randomized complete block in a split-plot design, with rotations as the main treatments and tillage randomized in rotations (subunits) with three replications. Each replicate consisted of plots that were 9 m wide and 45 m long. Primary tillage treatments associated with CP and MP occurred in the fall, while secondary tillage operations were performed the following spring just before planting. The MP treatment was applied at the 0.20-to 0.25-m depth using a commercially available International Harvester five-furrow 0.46-m semimounted moldboard plow. Chisel plowing was performed to the 0.20-m depth using a DMI (Case New-Holland, Goodfield, IL) coulter-chisel plow equipped with 10-cm twisted-shovel points on 37-cm centers and a Danish-tine sweep leveling bar. Secondary tillage operations for the MP and CP plots involved one pass of a tandem disk with spring-tooth harrow followed by a field cultivator with C-shank sweeps and rear-mounted, double rolling baskets; both operations disturbed soil to a depth of approximately 0.10 m. Following spring tillage operations, soil surface residue cover in these plots averaged 3% in MP, 31% in CP, and 93% in the NT system. For these plots, corn (Pioneer 31N28; average grain yield = 12.2 Mg ha −1 at 15.5% moisture content for corn after corn and 13.1 Mg ha −1 for corn after soybean) was planted in 0.76-m rows with a Case-IH Model 955 row planter (Case New-Holland, Saskatoon, SK, Canada) on 29 Apr. 2004 , 19 Apr. 2005 , and 29 Apr. 2006 . No-till CC was planted 0.15 m beside the previous corn rows using unit-mounted row cleaners to clear the row area of residue when planting into corn and soybean residue. Because the primary focus of this research was on long-term tillage and rotation effects on N 2 O emissions, and because the focus since 1975 was on corn or soybean yield response to tillage and rotation when all other management variables were held constant, N fertilizer was applied to ensure that N fertilizer effects were similar across tillage and rotation treatments. Therefore, all corn treatments received equal amounts of fertilizer application each year. Starter fertilizer N was applied during the corn planting operation at 36 kg N ha −1 as NH 4 NO 3 in a typical band 5 cm from the corn rows. Side-dressed N was applied as 28% urea-NH 4 NO 3 (UAN) at a rate of 222 kg N ha −1 on 30 May 2004 and 6 June 2005. On 15 June 2006, however, UAN was side-dress applied to all treatments at a rate of 260 kg N ha −1 to potentially help achieve higher corn yields following a 15% yield increase observed in the 2004 and 2005 growing seasons due to the use of higher yielding hybrids than those in the previous decade of this experiment. Sidedress UAN was consistently coulter injected between the corn rows to a depth of 5 to 8 cm. Phosphorus and K fertilizers were periodically broadcast applied (either alone or in combination) at similar rates to all treatments before fall primary tillage operations to maintain adequate to high soil-test levels. Periodic liming enabled the near-surface (0-0.10-m) soil pH to be maintained near 6.5. The selected soil chemical characteristics of pH, available P, and exchangeable K (Table 1) in the surface 0.20 m were determined using the 1:1 soil/water, Bray-1, and Mehlich-3 (Mehlich, 1984) analytical procedures, respectively, in a commercial laboratory (A& L Great Lakes Laboratories, Fort Wayne, IN). Soil organic C and total N (Table 2) 
Nitrous Oxide Emission Measurements
In the 2004 and 2005 growing seasons, N 2 O emissions were measured weekly or biweekly for up to 14 wk; emissions were sampled weekly for 7 wk beginning on 23 June (8 wk after secondary tillage and 6 wk after planting) through 4 September in 2004, and for 14 wk beginning on 8 April (1 wk before secondary tillage) through 13 September in 2005. Because of inclement weather conditions during July and resource constraints, sampling was performed only once in July 2005. In the course of sampling in 2005, we observed that N 2 O emission spikes were short lived; most emissions occurred within 20 d after N fertilizer application. Therefore, in 2006 the interval between sampling dates was reduced to 2 to 4 d following fertilizer application, and a more intensive sampling was performed for 14 measurement periods beginning on 15 June (i.e., just before UAN application) through 7 September.
Soil surface N 2 O fluxes were measured by the vented flux chamber method (Mosier et al., 2006) . In each plot, duplicate aluminum anchors measuring ?0.74 by 0.35 by 0.12 m were driven about 0.10 m into the soil. Within each plot, anchors were placed 10 m apart and a carpenter's level was used to ensure that the anchors were level. To ensure that our sampling captured emissions from row and interrow areas, anchors were placed across rows such that the 0.74-m width of the anchor extended from approximately one quarter of one interrow to approximately three quarters of the interrow on the opposite side of the same row. Kessavalou et al. (1998) reported a significantly higher gas emission from crop rows relative to interrows, but our anchors were positioned to capture both areas in a representative fashion. Anchors were kept in the same positions following side-dress UAN application, and any corn plants present in the 0.35-m row length per anchor sampling position were cut off at the soil surface. Overall, corn plant density exceeded 75,000 plants ha −1 in all plots. Gas samples were collected by placing chambers (volume = 32.4 L) over anchors and collecting gas samples from the chamber headspace through a rubber septum at regular intervals of 0, 5, 10, and 15 min after deployment (Jury et al., 1982) using a 20-mL polypropylene syringe.
Immediately following collection, gas samples were transferred to preevacuated 12-mL Exetainer vials (Labco, High Wycombe, UK). All gas sampling was performed in duplicate between 1200 and 1500 h on each sampling date, when biological activity and flux rates were expected to be greatest (Bajracharya et al., 2000; Jacinthe and Lal, 2004; Ginting and Eghball, 2005) . Concentrations of N 2 O in the gas samples were determined using a gas chromatograph (Varian 3800 GC, Mississauga, ON, Canada) equipped with an automatic Combi-Pal injection system (Varian, Mississauga) described by Drury et al. (2004) . Briefly, gas samples were automatically injected into the chromatograph using the CombiPal sampler. The N 2 O concentration in the gas samples was measured using a 3.05-m-long Porapak Q with Ar (95%) and CH 4 (5%) carrier gas flowing at 30 mL min −1 and analyzed with an electron capture detector set at 350°C. Cumulative N 2 O-N losses during the measurement periods were estimated by linearly interpolating N 2 O emissions between sampling dates.
Soil and Weather Variables
Daily precipitation and temperature data were recorded from a nearby automated Purdue weather station located about 1.5 km from our experimental plots. The soil temperature and volumetric moisture content were determined simultaneously at the time of gas measurements. The soil temperature was recorded with a thermometer to the 0.10-m soil depth, and volumetric soil water content was determined to a depth of 0 to 0.12 m using a time domain reflectometer (Field Scout TDR 300 Serial 346, Spectrum Technologies, Plainfield, IL).
Soil samples were collected periodically to determine soil inorganic N concentrations. From each treatment plot, composite soil samples were collected by taking 10 to 15 soil cores (0.07-m diameter) from the surface 0.30-m depth interval around the gas chambers. Samples were stored in sealed plastic bags and placed in coolers at 4°C before being transported to the laboratory for analysis. Soil samples were collected on 3 June, 14 July, 28 July, and 4 Sept. 
Statistical Analysis
The normality of distribution of all the data was assessed by the kurtosis, skewness, and Shapiro-Wilk coefficients. The data were then logarithmically transformed where necessary. Data transformation, however, did not significantly improve the normality of the N 2 O emission data; therefore the original data were used for all statistical analyses. The data were separated by tillage and rotation systems and generalized linear model (GLM) statistical analyses were performed to determine the effects of rotation, tillage, and their interaction on N 2 O emissions. Because gas emission rates were measured repeatedly over time from the same spot, analysis of variance for a split-plot design over time was computed using the analysis of repeated measurement in the PROC MIXED procedure of SAS (SAS Institute, 2002) where rotation, tillage, measurement dates, and their interactions were considered fixed effects, while replicates (blocks) and rotation ´ tillage interaction were considered random effects. Thereafter, emission data for all 3 yr were pooled and analyzed, with the year of measurement as an additional random effect.
The effects of the tillage and rotation systems on soil variables (NO 3 -N, NH 4 -N, moisture, and temperature) and how soil and weather characteristics (precipitation and air temperature) affected N 2 O emissions were evaluated using stepwise linear multiple regression models in the PROC GLM procedure. Due to the small sample size (n = 10), however, NO 3 -N and NH 4 -N data were not included in the multiple regression analysis but analyzed separately by combining data across years in a simple correlation and regression analysis. Treatment means were separated using LSD, and the effects of rotation, tillage, and their interaction on gas emissions and soil variables were declared significant at the 5% level of probability (a = 0.05). All analyses were performed using the version 9.1 SAS package (SAS Institute, 2002) .
RESULTS AND DISCUSSION
Soil and Weather Variables
Air temperature and precipitation are shown in Fig. 1 , and soil temperature and volumetric moisture contents measured across the growing season (April-September) are shown in Fig.  2 . Mean daily air temperatures (Fig. 1) Soil temperature and moisture conditions varied widely within and between growing seasons (Fig. 2) . In 2004 (Fig. 2a) , however, there was less variation in soil temperature and volumetric moisture conditions because of the relatively short period of measurement; neither tillage nor rotation had significant (P = 0.05) effects on these seasonal average soil temperature and Soil organic C (SOC) and total N concentrations at the 0-to 0.05-, 0.05-to  0.15-, and 0.15-to 0.30-m depth intervals following 30 yr of rotation and moisture conditions. In 2005, soil temperatures rose dramatically from 5.6°C on 9 May to 30°C on 31 May, and then decreased to become steady at 20 to 25°C for the rest of the study period. In contrast, the volumetric soil water content was relatively high and steady at about 25 to 30% from May to early June and then declined rapidly to about 10% for the rest of the study period (Fig. 2b) . In 2006, wide fluctuations in soil temperature (25-35°C) and volumetric water content (15-33 m 3 m −3 ) were observed between May and early July.
For 2005 and 2006, seasonal average soil temperatures were not significantly different between rotations (Table 3) but were significantly affected by tillage (P < 0.002) and rotation ´ tillage interaction (P < 0.002). For both years, soil temperature was significantly lower for NT relative to CP and MP. In contrast, the seasonal average volumetric soil water content was significantly affected by rotation (P < 0.005) in 2005 and rotation ´ tillage interaction in 2006; volumetric soil water content was greater under RC (mean = 20.0 m 3 m −3 ) relative to CC (mean = 18.6 m 3 m −3 ). Neither tillage nor rotation significantly affected soil temperature and volumetric water content in 2006 (Table 3) . Soil temperatures tended to be significantly lower under NT relative to CP and MP from early spring to late summer, however, with the greatest difference being observed in late May. Conversely, volumetric soil water content tended to be significantly higher under NT up to late spring, only to become lower in the summer.
A one-way analysis of variance indicated that soil NO 3 -N and NH 4 -N concentrations were not significantly different for either rotation or tillage system, which was probably due to the limited size of the database (n = 10); however, NO 3 -N and NH 4 -N concentrations were numerically greater under NT relative to CP and MP (Fig. 3a) and for CC compared with RC (Fig. 3b) . An apparently higher level of NO 3 -N for NT was probably due to the nearly 30% higher total soil N in the upper 30 cm for NT than for MP systems at this site , or possibly because of greater leaching of NO 3 -N under MP relative to NT and CP after the sidedress N fertilizer application. On average, the NO 3 -N concentration was 23.8, 23.0, and 17.3 mg kg −1 for NT, CP, and MP, respectively, and was 21.6 and 21.1 mg kg −1 for CC and RC, respectively. Similarly, the average NH 4 -N concentration was greater under NT than MP and CP (6.1, 5.8, and 4.9 mg kg −1 , respectively) and was 6.0 and 5.2 mg kg −1 for CC and RC, respectively.
Seasonal Nitrous Oxide Emissions
Seasonal variability of N 2 O fluxes under tillage and rotation systems for each year are presented in Fig. 4 . In general, the pattern of N 2 O emission was temporally similar among tillage and rotation systems but varied significantly in magnitude with year. In 2004, N 2 O values ranged from 7 to 40 g N ha −1 d −1 , with emissions being greatest on 23 June, followed by near-zero emissions for the remaining periods of measurement (Fig. 4a) . The emission pattern observed for 2004 was due to late sampling (which started 6 wk after N fertilizer application) and to the distribution and timing of rainfall, which led to early saturated In 2005, seasonal N 2 O-N emissions were very low and almost undetectable before fertilizer application due to low soil temperature and moisture conditions. Nine days following UAN application, however, N 2 O emissions increased significantly from near zero to, on average, about 109 g N ha −1 d −1 for rotations and 135 g N ha −1 d −1 under tillage treatments; thereafter, N 2 O emission declined rapidly for the rest of the sampling period (Fig. 4b) . The greatest spike in N 2 O emission occurred on 15 June; however, other less but distinct spikes in emission were also observed on 25 April (1 d after corn planting) and 23 May, events that were attributed to a combination of spring temperature fluctuations and starter N application. Collectively, these episodic spikes represented >50.2% of the total growing season emissions in 2005.
Compared with previous years, N 2 O fluxes were relatively greater in 2006 due in part to higher rates of N fertilizer application and favorable soil moisture and temperature conditions. Averaged across treatments, N 2 O emissions ranged from 38 to 533 g N ha −1 d −1 , with the greatest emissions occurring in mid-June. In the 2006 growing season, three large but nearly equal spikes of emission were observed on 19 June, 6 July, and 14 July (Fig. 4c) . The spike on 19 June was probably due to side-dressed UAN application to relatively moist soil the previous day, while the latter spikes were attributed to sustained high precipitation and temperatures that followed 2 to 3 wk of relatively low temperatures before gas measurements. Together, the three events accounted for nearly 50% of total emissions during the growing season.
The relationship and effects of environmental factors on N 2 O emissions are shown in Table 4 . Although correlations between emissions and environmental factors were somewhat low (maximum r < 0.54), their functional relationship and effects on emission were highly significant (P < 0.001) in most cases. In 2004, air temperature accounted for about 11 of the 23% of total variability. Similar to the results of Jarecki and Lal (2006) , precipitation alone accounted for about 23% of the total variability in N 2 O emissions in 2005, while soil volumetric water content was the dominant factor of emission variability in 2006, contributing 26 of the 29% variability associated with emissions. It should be noted that in all 3 yr, only soil and air temperature had significant influences on emissions. Although a linear and positive correlation existed between N 2 O emission and soil NH 4 -N (r = 0.23, P < 0.002), its contribution to the variability of emissions was rather small (5%).
Rotation and Tillage Effects on Nitrous Oxide Emission
Nitrous oxide emissions in 2004 were low, averaging about 14.5 g N ha −1 d −1 across crop rotations and tillage systems (Table 5) Across the 3 yr of measurement, however, seasonal average emissions were significantly affected by year of measurement, tillage, and year ´ tillage interaction. Neither rotation nor rotation ´ tillage interaction affected N 2 O emissions (Table 4) (Table 5 ). Cumulative emissions due to tillage were in the order CP > MP = NT in 2005 and CP = MP > NT in 2006. Across all 3 yr of measurement, the tillage effect on cumulative emissions was significant (P < 0.0005), but neither rotation nor rotation ´ tillage interaction had significant effects on cumulative emissions (Table 6) . Three-year cumulative average emissions were in the order CP > MP > NT, being 7.3, 5.6, and 3.4 kg ha −1 , respectively, but were not significantly different between rotations (CC = 6.0 kg ha −1 , RC = 4.8 kg ha −1 ). The lack of significant differences in cumulative emissions due to rotation could be explained in part by the fact that the majority of the differences in N 2 O emissions due to rotation occurred either before fertilizer application (as in 2005) or when emissions were low or not event driven early in the growing season (as in 2006).
In general, N 2 O emission values reported in this study were similar to those reported for other parts of the Midwest (Goodroad et al., 1984; Jacinthe and Dick, 1997; Parkin and Kaspar, 2006; Grandy et al., 2006) . Although not significant, the numerically greater emissions for CC reported here were in support of several results that suggested emissions were greater from CC than from soybean or from the wheat (Triticum aestivum L.) phase of corn-soybean-wheat rotations ( Jacinthe and Dick, 1997; Adviento-Borbe et al., 2006) . The lack of a cumulative N 2 O emission difference due to rotations was in sharp contrast, however, to results obtained by Mosier et al. (2006) that indicated significantly greater emissions for RC than CC with or without added fertilizer N. In this study, the seemingly greater emissions for CC was unexpected but not entirely surprising; both CC and RC plots received equal amounts of fertilizer N and, if anything, more mineral N was expected from the previous soybean crop because of less N immobilization in decomposing soybean vs. corn residues as well as possible residual mineral N gains from N fixation by the previous soybean crop. In corn-soybean rotation systems, however, significant N 2 O losses appear to occur more during the soybean year, especially after soybean harvest (Walters et al., 2007) . Thus, a possible explanation for the higher emissions under CC observed here was that overall nitrification and denitrification rates were higher in that system because of annual N application (and, therefore, long-term doubling of N fertilizer applications vs. the biannual N application to RC). Furthermore, similar to suggestions by Adviento-Borbe et al. (2006) , it is possible that several decades of higher crop residue inputs associated with CC vs. RC provided a greater C substrate supply for microbial decomposition, which contributed to increased denitrification. It is interesting to note, however, that total soil N to a 1.0-m sampling depth was not higher in CC vs. RC rotations for these experimental plots .
Significantly greater N 2 O-N losses from CP relative to MP and NT was consistent with Jacinthe and Dick (1997) , who reported significantly more emissions from CP relative to NT, but contrasted with other studies reported in the Midwest where no differences in N 2 O-N losses between CP and NT or MP and NT were reported (Robertson et al., 2000; Parkin and Kaspar, 2006) . Parkin and Kaspar (2006) reported that 3-yr average emissions from fields in Iowa was not significantly different between CP and NT emissions. Similarly, in a 12-yr tillage study in Michigan, Grandy et al. (2006) found no significant difference in average emissions under NT than MP. In eastern Canada, Rochette et al. (2004) reported more than double the amount of emissions under NT relative to MP in similar high-clay-content soils. Despite the occasional study reporting lower N 2 O emissions with NT, the most prevalent hypothesis in the relevant literature to date is that, after allowing for the substantial influence of climate on actual N 2 O emissions, NT is expected to result in higher denitrification and N 2 O emission rates because of higher soil moisture, soil organic C (SOC), and microbial populations near the soil surface (Doran, 1980; Aulakh et al., 1984) . Our results did not support this hypothesis, but were in support of Mummey et al. (1998) , who suggested that NT management in relatively warm and wet periods or regions may result in N 2 O emission rates similar to or less than those for CP and MP. In fact, our results suggested that while SOC decomposition can be the dominant source of N 2 O emissions in these soils, it could be argued that the quantity of emissions did not derive from the quantity of SOC stored in the soil per se (for these and other nearby plots, SOC and total N were significantly greater for NT relative to CP and MP in the surface 15 cm [ Table 2 ]; Omonode et al., 2006) . Rather, emissions appeared to be due more to the amount of SOC available for decomposition determined by the degree of mixing of organic C into soil aggregates created by long-term tillage. In this case, long-term application of CP management, and to a large extent MP management, probably had the effect of ensuring greater soil-organic matter mixing, thereby providing a greater amount of organic residues in contact with and available for microbial decomposition. Furthermore, it appeared that this process was sustained by increased aeration and favorable soil temperature conditions resulting from CP and MP application. We do not know, however, whether CP and MP tillage systems resulted in more anaerobic microsites for simultaneous denitrification relative to NT soils.
In associated studies that were performed in these same plots, Omonode et al. (2007) reported significantly greater CO 2 emissions for CP relative to MP and NT. Based on this observation, we performed correlation tests using CO 2 data collected simultaneously with N 2 O. We observed a strong statistical relationship between N 2 O and CO 2 emissions in all 3 yr of gas measurement (data not shown); therefore, greater N 2 O emissions under CP were not a total surprise. These results perhaps provided further understanding as to why mathematical models by Six et al. (2004) indicated lower emissions from NT after 20 yr of application relative to conventional tillage; the latter may result in a significant reduction of CO 2 -equivalent global warming potential (GWP) as soil organic C increased. Further studies are needed to identify the long-term effect of these tillage systems on profile C distribution and microbial dynamics and how they, in turn, affect CO 2 and to determine the actual reductions in GWP made possible with continuous NT adoption for this important agricultural region. We also acknowledge the importance of yearround N 2 O emissions vs. simply concentrating on the growing-season dynamics as we did due to limited resources.
SUMMARY AND CONCLUSIONS
Although the midwestern United States is one of the world's major agricultural production regions, relatively few research data exist to accurately assess the effects of long-term tillage and rotation and, especially, tillage ´ rotation interaction on N 2 O emissions. This research was initiated to determine the seasonal emissions of N 2 O from soils that have been uniformly managed using MP, CP, and NT tillage practices under CC and RC for the past three decades. Nitrous oxide emissions during the growing season were affected by both rotation and tillage systems but not by their interaction. Although cumulative N 2 O emissions during the varying growing-season lengths measured and gas sampling intensities for the 3 yr were not significantly different between rotations, N 2 O emissions were about 20% greater under CC than RC even though corn in both rotations received identical N fertilizer applications in the year of gas emission determination. Continuous corn may have resulted in even higher N 2 O emissions if the N fertilizer rate were higher for corn following corn relative to soybean, as is typically the case in Midwest corn production systems. Among tillage systems, seasonal N 2 O emissions were numerically ranked in the following order: NT < MP < CP.
Although mean N 2 O emissions for the varying lengths of the growing seasons measured in the 3-yr period were not significantly different for CP and MP, they were approximately double from CP relative to NT systems.
During the growing season, N 2 O emissions were significantly related to soil temperature, volumetric soil water content, precipitation, and air temperature. Collectively, these factors accounted for up to 31% of the total variability associated with N 2 O emissions. Limited data showed that N 2 O emissions were significantly affected by soil NO 3 -N, but more data would be needed to quantify the relationship of emissions to soil mineral N for these soils.
Our results suggested that long-term NT management (i.e., for a period of decades) for these soils may result in lower N 2 O emissions than CP or MP management. However, in the midwestern United States, long-term continuous corn may not result in more or less N 2 O emissions from the soil surface of corn production fields during the growing season than corn following soybean. 
